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Hylghqfh iurp wkh Hxur Frusrudwh Erqg Pdunhw
Zh whvw zkhwkhu oltxlglw| lv sulfhg lq wkh hxur0ghqrplqdwhg frusrudwh erqg
pdunhw1 Zh xvh wkh Duelwudjh Sulflqj Wkhru| wr frqwuro iru rwkhu vrxufhv ri
ulvn1 \lhogv duh xvhg wr phdvxuh wkh erqgv* h{shfwhg uhwxuqv dqg oltxlglw| lv
dssur{lpdwhg e| irxu lqgluhfw phdvxuhv= lvvxhg dprxqw/ djh/ qxpehu ri txrwhv
dqg glvshuvlrq ri txrwhv1 Rxu uhvxowv vkrz wkdw vljqlfdqw sulflqj dqrpdolhv
gxh wr oltxlglw| h{lvw iru hxur0ghqrplqdwhg erqgv1 Zh qg wkdw wkh |lhog
suhplxp ehwzhhq oltxlg dqg looltxlg erqgv udqjhv iurp 315 wr 7: edvlv srlqwv/
ghshqglqj rq zklfk oltxlglw| lqglfdwru lv xvhg1
4LL q w u r g x f w l r q
Wkh oltxlglw| ri wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw lv orzhu wkdq lwv vryhuhljq
frxqwhusduw1 Ghvslwh wkh lpsruwdqfh ri oltxlglw| ulvn lq frusrudwh erqg pdunhwv/ wkh
qxpehu ri dfdghplf sdshuv rq erqg oltxlglw| lv olplwhg1 Pdq| sdshuv kdyh ehhq zulwwhq
rq oltxlglw| ulvn lq htxlw| pdunhwv wkrxjk1 Wkhvh sdshuv irfxvvhg rq wkh hvwlpdwlrq ri
wkh uhodwlrqvkls ehwzhhq oltxlglw| dqg h{shfwhg htxlw| uhwxuqv1 Wkh vfduflw| ri sdshuv rq
erqg oltxlglw| lv vxusulvlqj/ vlqfh iru d erqg lwv |lhog0wr0pdwxulw| fdq eh xvhg dv h{shfwhg
uhwxuq phdvxuh1 Htxlw| vwxglhv/ rq wkh rwkhu kdqg/ dozd|v kdyh wr uhvruw wr dssur{lpdwlqj
h{shfwhg uhwxuqv e| uhdol}hg uhwxuqv/ zklfk duh/ e| ghqlwlrq/ uhdol}dwlrqv ri d vwrfkdvwlf
surfhvv lqvwhdg ri h{shfwdwlrqv1 Lq wklv sdshu/ zh h{sorlw wklv dgydqwdjh ri erqgv ryhu
htxlwlhv wr whvw iru sulflqj dqrpdolhv lq wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw
wkdw fdq eh dwwulexwhg wr oltxlglw| ulvn1 Rxu phwkrgrorj| lv vlplodu wr wkh rqh uhfhqwo|
hpsor|hg lq htxlw| vwxglhv dqg xvhv wkh Duelwudjh Sulflqj Wkhru| +DSW, wr frqwuro iru
rwkhu vrxufhv ri ulvn1 Dv idu dv zh nqrz/ qr hduolhu sdshuv h{lvw wkdw hvwlpdwh frusrudwh
erqg oltxlglw| lq wkh DSW iudphzrun1 Zh dssur{lpdwh erqg oltxlglw| e| irxu lqglfdwruv=
lvvxhg dprxqw/ djh/ qxpehu ri txrwhv dqg glvshuvlrq ri txrwhv1 Zh xvh d ghwdlohg gdwd
vhw frqvlvwlqj ri gdlo| |lhogv ri lqglylgxdo frusrudwh erqgv ghqrplqdwhg lq hxurv ru lq rqh
ri wkh fxuuhqflhv ri wkh sduwlflsdwlqj frxqwulhv +*ohjdf|* fxuuhqflhv,1 Zh qg d vxevwdqwldo
|lhog suhplxp ri 83 edvlv srlqwv +esv, ehwzhhq ohjdf|0 dqg hxur0ghqrplqdwhg erqgv1 Vlqfh
wklv suhplxp grplqdwhv wkh hhfwv ri rxu oltxlglw| lqglfdwruv/ zh frqfhqwudwh rq wkh hxur0
ghqrplqdwhg erqgv rqo|1 Rxu uhvxowv vkrz wkdw sulflqj dqrpdolhv gxh wr oltxlglw| gr h{lvw
lq wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw1 Wkh |lhog suhplxp ehwzhhq oltxlg dqg
looltxlg hxur0ghqrplqdwhg erqgv udqjhv iurp 315 wr 7: esv/ ghshqglqj rq zklfk oltxlglw|
5lqglfdwru lv xvhg1
Erwk wkhruhwlfdo dqg hpslulfdo hylghqfh h{lvwv wkdw oltxlglw| ulvn lv sulfhg lq vhfxulw|
pdunhwv1 Dplkxg dqg Phqghovrq +4<;9, dujxhg wkdw looltxlg vhfxulwlhv kdyh odujhu elg0dvn
vsuhdgv dqg ghyhorshg d wkhruhwlfdo prgho wkdw vkrzhg wkdw wkh h{shfwhg dvvhw uhwxuq lv dq
lqfuhdvlqj ixqfwlrq ri wkh elg0dvn vsuhdg1 Pdgkdydq +5333, surylghg dq ryhuylhz rq pruh
pdunhw plfurvwuxfwxuh prghov ri dvvhw oltxlglw|1 Vhyhudo hpslulfdo sdshuv dovr grfxphqwhg
wkdw oltxlglw| ulvn lv sulfhg lq htxlw| pdunhwv1 Kdxjhq dqg Ednhu +4<<9, uhjuhvvhg wkh
h{shfwhg htxlw| uhwxuq rq ulvn/ oltxlglw|/ sulfh ohyho/ jurzwk srwhqwldo dqg sulfh klvwru|
idfwruv1 Wzr oltxlglw| idfwruv/ wudglqj yroxph2pdunhw fdslwdol}dwlrq dqg wudglqj yroxph
wuhqg/ zhuh vljqlfdqw idfwruv lq wklv hvwlpdwlrq1 Wkhlu uhvxowv lpsolhg d uhmhfwlrq ri wkh
H!flhqw Pdunhw K|srwkhvlv +HPK,1 Euhqqdq dqg Vxeudkpdq|dp +4<<9, xvhg wkh Idpd
dqg Iuhqfk +4<<6, DSW prgho wr frqwuro iru rwkhu sulfhg ulvnv1 Wkh| dvvljqhg hdfk vwrfn
lq wkhlu vdpsoh wr rqh ri wkluw| sruwirolrv edvhg rq lwv hvwlpdwhg Jorvwhq dqg Kduulv +4<;;,
oltxlglw| phdvxuh dqg lwv pdunhw fdslwdol}dwlrq1 Wkh h{fhvv uhwxuqv ri wkh sruwirolrv zhuh
vxevhtxhqwo| uhjuhvvhg rq wkh Idpd0Iuhqfk htxlw| ulvn idfwruv1 Xqghu wkh qxoo k|srwkhvlv
wkdw oltxlglw| kdv qr hhfw rq htxlw| uhwxuqv/ wkh lqwhufhswv iru doo sruwirolrv vkrxog eh
mrlqwo| }hur1 Euhqqdq dqg Vxeudkpdq|dp +4<<9, zhuh deoh wr uhmhfw wklv k|srwkhvlv/
lpso|lqj wkdw wkh Idpd0Iuhqfk ulvn idfwruv gr qrw wdnh htxlw| oltxlglw| lqwr dffrxqw1 Wkh
uhodwlrqvkls ehwzhhq h{shfwhg htxlw| uhwxuq dqg ydulrxv htxlw| idfwruv zdv dovr whvwhg
e| Euhqqdq/ Fkrugld dqg Vxeudkpdq|dp +4<<;,1 Wkh| irxqg d vwurqj qhjdwlyh uhodwlrq
ehwzhhq uhwxuqv dqg wkh oltxlglw| sur{| wudglqj yroxph1 Fkrugld/ Vxeudkpdq|dp dqg
Dqvkxpdq +5334, dovr xvhg sur{lhv iru oltxlglw| dqg iru wkh vhfrqg prphqw ri oltxlglw|
wr phdvxuh wkh uhodwlrqvkls ehwzhhq htxlw| uhwxuq dqg oltxlglw|1 Diwhu frqwuroolqj iru wkh
Idpd0Iuhqfk htxlw| idfwruv dqg iru prphqwxp dqg groodu yroxph wxuqryhu/ d qhjdwlyh
6uhodwlrq ehwzhhq htxlw| uhwxuq dqg wkh yduldelolw| ri groodu wudglqj yroxph dqg vkduh
wxuqryhu shuvlvwhg1
Wkh hpslulfdo olwhudwxuh glvfxvvhg deryh kdv irfxvvhg rq whvwlqj wkh suhvhqfh ri oltxlg0
lw| suhplxpv lq htxlw| pdunhwv1 Lq wklv sdshu/ zh xvh wkh Euhqqdq dqg Vxeudkpdq|dp
+4<<9, phwkrgrorj| wr whvw zkhwkhu oltxlglw| lv sulfhg lq wkh hxur0ghqrplqdwhg frusrudwh
erqg pdunhw1 Vlqfh zh ghdo zlwk erqgv lqvwhdg ri htxlwlhv/ zh pdnh wzr prglfdwlrqv
wr wkh Euhqqdq0Vxeudkpdq|dp dssurdfk1 Iluvw/ zh uhsodfh wkh wkuhh0idfwru Idpd0Iuhqfk
htxlw|0pdunhw prgho e| wkh wzr0idfwru Idpd0Iuhqfk erqg0pdunhw prgho1 Vhfrqg/ zh xvh
erqg |lhogv lqvwhdg ri uhdol}hg uhwxuqv wr sur{| iru h{shfwhg uhwxuqv1 Zh xvh irxu lqgluhfw
lqglfdwruv ri hxur0ghqrplqdwhg erqg oltxlglw|= lvvxhg dprxqw/ djh/ qxpehu ri txrwhv dqg
glvshuvlrq ri txrwhv1 Wkhvh erqg oltxlglw| sur{lhv duh ghvfulehg lq d qxpehu ri sdshuv
dqg duh riwhq xvhg e| sudfwlwlrqhuv1 Wkh djh lqglfdwru lv sduwlfxoduo| lqwhuhvwlqj/ vlqfh
lw kdv qr frxqwhusduw iru htxlw| pdunhwv1 Iru hdfk oltxlglw| lqglfdwru/ zh frqvwuxfw wzr/
pxwxdoo| h{foxvlyh sruwirolrv e| rughulqj doo erqgv rq wkhlu ydoxh ri wkh oltxlglw| lqglfdwru
dqg dvvljqlqj wkh uvw 83( ri wkh erqgv wr sruwirolr 4 dqg wkh odvw 83( wr sruwirolr 51I r u
hdfk wudglqj gd|/ zh wkhq fdofxodwh wkh |lhog ri erwk sruwirolrv dv wkh xqzhljkwhg dyhudjh
ri wkh erqg |lhogv1 Wkh wzr wlph vhulhv ri sruwirolr |lhogv duh vxevhtxhqwo| xvhg lq d
Idpd0Iuhqfk uhjuhvvlrq prgho1 Xqghu wkh qxoo k|srwkhvlv wkdw oltxlglw| grhv qrw dhfw
erqg |lhogv/ wkh uhjuhvvlrq lqwhufhswv vkrxog eh mrlqwo| }hur1
Lq rxu hpslulfdo dqdo|vlv/ zh uvw orrn dw wkh glhuhqfhv ehwzhhq erqgv ghqrplqdwhg
lq hxurv dqg lq ohjdf| fxuuhqflhv1 Zh qg dq dyhudjh |lhog suhplxp ri 83 esv ri ohjdf|
erqgv ryhu hxur erqgv/ lqglfdwlqj wkdw wkh pdunhw jhqhudoo| frqvlghuv ohjdf| erqgv wr eh
looltxlg vhfxulwlhv1 Vlqfh wklv ohjdf| suhplxp grplqdwhv wkh |lhog suhplxp dulvlqj iurp
rxu irxu oltxlglw| lqglfdwruv/ dqg ehfdxvh ohjdf| erqgv zloo judgxdoo| glvdsshdu iurp wkh
7pdunhw/ zh rqo| xvh hxur0ghqrplqdwhg erqgv lq rxu ixuwkhu dqdo|vhv1 Rxu uhvxowv vkrz
wkdw oltxlglw| sod|v dq lpsruwdqw uroh lq wkh sulflqj ri hxur erqgv1 Wkh qxoo k|srwkhvlv
ri wkh DSW prgho lv dozd|v uhmhfwhg1 Wkhuhiruh/ wkh oltxlglw| ri d frusrudwh erqg lv d
vljqlfdqw ghwhuplqdqw ri lwv sulfh1 Wkh vl}h ri wkh |lhog glhuhqfh ehwzhhq wkh oltxlg dqg
looltxlg erqg sruwirolrv ghshqgv rq wkh hpsor|hg oltxlglw| lqglfdwru1 Zh qg d qhjoljleoh
oltxlglw| suhplxp iru wkh lqglfdwru lvvxhg dprxqw ri 3=5 esv/ d vxevwdqwldo oltxlglw| lpsdfw
i r ud j hd q gq x p e h ur it x r w h vr i47 dqg 5: esv/ uhvshfwlyho|/ dqg d odujh hhfw iru wkh
glvshuvlrq lqglfdwru ri 7: esv1
Or dqg PdfNlqod| +4<<3, vkrzhg wkdw vhulrxv eldvhv fdq dulvh lq wkh whvw vwdwlvwlfv zkhq
sruwirolrv duh xvhg wr whvw wkh h!flhqw pdunhw k|srwkhvlv1 Wkh sruwirolrv duh frqvwuxfwhg
e| vruwlqj vhfxulwlhv rq hpslulfdo fkdudfwhulvwlfv/ zklfk w|slfdoo| iroorz hlwkhu iurp rzq
uhvhdufk rq d gdwd edvh ru iurp uhvxowv ri rwkhu sdshuv wkdw kdyh dqdo|}hg wkh vdph
gdwdedvh1 Li wkh vwdwlvwlfdo whvwv duh fduulhg rxw rq h{dfwo| wkh vdph gdwd edvh/ vljqlfdqw
eldvhv lq wkh whvwv fdq rffxu1 Or dqg PdfNlqod| +4<<3, fdoohg wklv gdwd0vqrrslqj1L q
rxu dqdo|vlv/ gdwd0vqrrslqj lv suredeo| olplwhg/ vlqfh rxu oltxlglw| lqglfdwruv ruljlqdwh
iurp wzr vrxufhv1 Vrph ri rxu lqglfdwruv iroorz iurp wkhruhwlfdo prghov1 Wkh uhpdlqlqj
lqglfdwruv kdyh ehhq wdnhq iurp hpslulfdo uhvhdufk rq rwkhu frusrudwh erqg gdwd edvhv/
vr wkdw qr gdwd plqlqj kdv ehhq dssolhg wr rxu gdwd edvh1
Wkh frqwhqw ri wklv sdshu lv dv iroorzv1 Lq Vhfwlrq LL/ wkh Euhqqdq0Vxeudkpdq|dp
dssurdfk ri whvwlqj wkh frpshqvdwlrq iru oltxlglw| lq htxlw| uhwxuqv dqg wkh Idpd0Iuhqfk
prgho duh h{sodlqhg dqg rxu prglfdwlrqv wr erwk dssurdfkhv duh jlyhq1 Wklv vhfwlrq
dovr ghvfulehv wkh sruwirolr frqvwuxfwlrq dqg glvfxvvhv wkh irxu oltxlglw| lqglfdwruv wkdw
duh xvhg lq wklv frqvwuxfwlrq1 Qh{w/ lq Vhfwlrq LLL/ wkh gdwd wkdw duh xvhg wr whvw wkh
k|srwkhvhv ri frusrudwh erqg oltxlglw| duh ghvfulehg1 Lq Vhfwlrq LY/ wkh uhvxowv iurp wkh
8prgho lpsohphqwdwlrq duh vkrzq dqg h{sodlqhg1 Ilqdoo|/ Vhfwlrq Y vxppdul}hv1
LL Phwkrgrorj|
Zh xvh wkh Euhqqdq dqg Vxeudkpdq|dp +4<<9, dssurdfk wr whvw zkhwkhu oltxlglw|0uhodwhg
sulflqj dqrpdolhv h{lvw lq wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw1 Wkhuhiruh/ zh
uvw ghvfuleh wkhlu iudphzrun lq Vhfwlrq LL1D/ iroorzhg e| rxu lpsohphqwdwlrq lq Vhfwlrq
LL1E1 Rxu oltxlglw| lqglfdwruv duh suhvhqwhg lq Vhfwlrq LL1F1
LL1D Euhqqdq0Vxeudkpdq|dp Dssurdfk
Euhqqdq dqg Vxeudkpdq|dp*v +4<<9, sruwirolr frqvwuxfwlrq pdgh xvh ri wzr yduldeohv1
Iluvw/ wkh vwrfnv zhuh glylghg lqwr vl}h txlqwlohv dffruglqj wr wkh up*v pdunhw fdslwdo0
l}dwlrq1 Qh{w/ zlwklq hdfk vl}h txlqwloh/ wkh vwrfnv zhuh dvvljqhg wr rqh ri yh sruwirolrv
zlwk hdfk sruwirolr frqwdlqlqj dq htxdo qxpehu ri vwrfnv edvhg rq wkhlu hvwlpdwhg Jorvwhq
dqg Kduulv +4<;;, oltxlglw| phdvxuh1 Lq wklv zd|/ Euhqqdq dqg Vxeudkpdq|dp +4<<9,
kdg hyhqo| glylghg wkh wrwdo vdpsoh ri vwrfnv lqwr sruwirolrv ghshqglqj rq wkh vl}h dqg
oltxlglw| fulwhuld1 Wkhq wkh| whvwhg zkhwkhu wkh frqvwuxfwhg sruwirolrv kdg vljqlfdqwo|
glhuhqw uhwxuqv1 Wr frqwuro iru rwkhu vrxufhv ri ulvn/ Euhqqdq dqg Vxeudkpdq|dp xvhg
wkh Idpd dqg Iuhqfk +4<<6, htxlw|0pdunhw prgho1
Idpd dqg Iuhqfk irxqg wkuhh frpprq idfwruv wkdw h{sodlqhg wkh uhwxuq ri dq htxlw|
sruwirolr= dq ryhudoo pdunhw idfwru/ d vl}h idfwru dqg d errn0wr0pdunhw idfwru1 Wr whvw
wkhlu prgho/ Idpd dqg Iuhqfk vxeglylghg wkh vwrfnv lq wkhlu vdpsoh lq sruwirolrv edvhg rq
vhyhudo fulwhuld/ dqg uhjuhvvhg wkh sruwirolrv* h{fhvv uhwxuqv ryhu wkh ghidxow0iuhh lqwhuhvw
udwh rq wkh wkuhh idfwruv1 Wkh lqwhufhsw frh!flhqwv iurp wkhvh uhjuhvvlrqv zhuh doprvw
9qhyhu vwdwlvwlfdoo| vljqlfdqw/ lqglfdwlqj wkh ydolglw| ri wkhlu prgho rq wkhlu gdwd vhw1
Vlploduo|/ Euhqqdq dqg Vxeudkpdq|dp uhjuhvvhg wkh uhdol}hg h{fhvv uhwxuqv ri wkhlu
sruwirolrv rq wkh Idpd0Iuhqfk htxlw| pdunhw idfwruv1 Iru hdfk sruwirolr wkh| udq d Idpd0
Iuhqfk uhjuhvvlrq prgho dxjphqwhg zlwk dq lqwhufhsw whup1 Xqghu wkh qxoo k|srwkhvhv
wkdw oltxlglw| kdv qr dgglwlrqdo srzhu lq h{sodlqlqj h{fhvv htxlw| uhwxuqv/ wkh lqwhufhswv
ri wkhvh uhjuhvvlrqv vkrxog qrw eh mrlqwo| vljqlfdqwo| glhuhqw iurp }hur1 Wklv qxoo k|0
srwkhvlv zdv dovr whvwhg e| dq dowhuqdwlyh uhjuhvvlrq prgho1 Djdlq wkh sruwirolrv* h{fhvv
uhwxuqv zhuh xvhg dv ghshqghqw yduldeohv1 Krzhyhu/ wkh sruwirolr0vshflf lqwhufhswv zhuh
uhsodfhg e| d frpprq lqwhufhsw iru doo sruwirolrv/ dqg sruwirolr0vshflf oltxlglw| yduldeohv
zhuh dgghg wr wkh uhjuhvvlrq htxdwlrq1 Iru erwk uhjuhvvlrq prghov wkh qxoo k|srwkhvlv kdg
wr eh uhmhfwhg/ lpso|lqj wkdw wkh Idpd0Iuhqfk ulvn idfwruv gr qrw wdnh lqwr dffrxqw htxlw|
oltxlglw|/ ru/ lq rwkhu zrugv/ wkdw oltxlglw| lv dq dgglwlrqdo vrxufh ri ulvn wkdw lv sulfhg e|
qdqfldo pdunhw sduwlflsdqwv1
LL1E Lpsohphqwdwlrq
Zh xvh Euhqqdq dqg Vxeudkpdq|dp*v +4<<9, phwkrgrorj| wr whvw zkhwkhu oltxlglw| lv
sulfhg lq wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw1 Zh pdnh wzr prglfdwlrqv wr
wkhlu phwkrg1 Iluvw/ zh xvh erqg |lhogv lqvwhdg ri uhdol}hg uhwxuqv wr sur{| iru h{shfwhg
uhwxuqv1 Wkh iroorzlqj dujxphqw surylghv vrph lqwxlwlrq zk| wkh |lhog ri d erqg vkrxog
frqwdlq d frpshqvdwlrq iru oltxlglw|1 Vxssrvh dq lqyhvwru zdqwv wr ex| dq looltxlg erqg1
Vlqfh wkh erqg lv looltxlg/ kh idfhv kljkhu wudglqj frvwv/ gxh wr d odujhu elg0dvn vsuhdg/
wkdq iru d frpsdudeoh/ oltxlg erqg1 Lq rughu wr shuvxdgh klp wr ex| wkh looltxlg erqg wkh
lqyhvwru vkrxog eh frpshqvdwhg e| d orzhu sulfh1 Wkh |lhog ri wkh looltxlg erqg vkrxog
wkxv eh kljkhu wkdq wkdw ri wkh oltxlg erqg1 Wkh dgydqwdjh ri |lhogv ryhu uhdol}hg uhwxuqv
:lv wzrirog1 Iluvw/ |lhogv uhdoo| uhsuhvhqw wkh pdunhw*v h{shfwdwlrq ri d erqg*v h{shfwhg
uhwxuq> uhdol}hg uhwxuqv/ rq wkh rwkhu kdqg/ duh/ e| ghqlwlrq/ uhdol}dwlrqv ri d vwrfkdvwlf
surfhvv udwkhu wkdq h{shfwdwlrqv1 Wkh vhfrqg dgydqwdjh ri |lhogv ryhu uhdol}hg uhwxuqv fdq
eh xqghuvwrrg e| frqvlghulqj wkh k|srwkhwlfdo fdvh zkhuh wkh sulfhv ri d oltxlg dqg dq
looltxlg erqg dozd|v kdyh d {hg udwlr wr hdfk rwkhu> wkh uhdol}hg uhwxuqv ri wkhvh erqgv
zloo eh h{dfwo| htxdo/ exw wkhlu |lhogv zloo glhu1 Vr/ wr wkh h{whqw wkdw wkhuh lv d {hg
shufhqwxdo sulfh glvfrxqw iru looltxlglw|/ uhdol}hg uhwxuqv duh xqvxlwhg wr ghwhuplqh zkhwkhu
oltxlglw| lv d ghwhuplqdqw ri vhfxulw| sulfhv1
Wkh vhfrqg prglfdwlrq wr wkh Euhqqdq0Vxeudkpdq|dp iudphzrun lv wkdw zh uhsodfh
wkh wkuhh0idfwru Idpd dqg Iuhqfk +4<<6, htxlw|0pdunhw prgho e| wkhlu wzr0idfwru erqg0
pdunhw prgho1 Idpd dqg Iuhqfk +4<<6, irxqg wzr frpprq ulvn idfwruv lq wkh uhwxuqv rq
erqgv1 Wkh wzr erqg0pdunhw idfwruv h{sodlqhg wkh h{fhvv uhwxuqv ri vhyhq erqg sruwirolrv=
wzr jryhuqphqw erqg sruwirolrv zlwk dyhudjh pdwxulwlhv ri 4 wr 8 |hduv dqg 9 wr 43 |hduv/
dqg yh frusrudwh erqg sruwirolrv zlwk dyhudjh/ Prrg|*v udwlqjv ri Ddd/ Dd/ D/ Edd dqg
ehorz Edd1 Wkh h{fhvv uhwxuq zdv ghqhg dv wkh sruwirolr uhwxuq plqxv wkh rqh0prqwk
Wuhdvxu| udwh1 Idpd dqg Iuhqfk ghqhg wkh uvw erqg0pdunhw idfwru dv wkh glhuhqfh
ehwzhhq wkh orqj0whup jryhuqphqw erqg uhwxuq dqg wkh rqh0prqwk Wuhdvxu| udwh dw wkh
hqg ri wkh suhylrxv prqwk1 Wkxv/ wklv vorsh idfwru wulhg wr h{sodlq yduldwlrqv lq h{fhvv
erqg uhwxuqv e| fkdqjhv lq wkh vorsh ri wkh Wuhdvxu| |lhog fxuyh1 Wkh vhfrqg idfwru zdv
ghqhg dv wkh glhuhqfh ehwzhhq wkh orqj0whup frusrudwh erqg uhwxuq dqg wkh orqj0whup
Wuhdvxu| uhwxuq1 Wklv fuhglw idfwru zdv wkhuhiruh uhodwhg wr wkh olnholkrrg ri fuhglw hyhqwv
lq wkh frusrudwh erqg sruwirolr1 Wkhvh wzr idfwruv glg d yhu| jrrg mre lq h{sodlqlqj wkh
h{fhvv uhwxuqv ri wkh vhyhq erqg sruwirolrv +Idpd dqg Iuhqfk/ 4<<6/ Wdeoh 6,= doo hvwlpdwhg
sdudphwhuv zhuh vwdwlvwlfdoo| vljqlfdqw zlwk w0ydoxhv udqjlqj iurp ; wr 473 dqg wkh U20
;ydoxhv zhuh dovr kljk/ zlwk ydoxhv udqjlqj iurp :<( wr <;(1 Pruhryhu/ wkh lqwhufhswv ri
doo yh frusrudwh erqg sruwirolrv zhuh vwdwlvwlfdoo| qrw vljqlfdqw1
Lq wkhlu dqdo|vlv/ Idpd dqg Iuhqfk xvhg wkh jryhuqphqw fxuyh wr fdofxodwh wkh h{fhvv uh0
wxuqv dqg wkh wzr erqg0pdunhw idfwruv1 Lq frqwudvw/ zh xvh wkh vzds fxuyh1 Uhfhqwo|/ {hg
lqfrph lqyhvwruv kdyh pryhg dzd| iurp xvlqj jryhuqphqw vhfxulwlhv wr h{wudfw ghidxow0iuhh
lqwhuhvw udwhv dqg vwduwhg xvlqj lqwhuhvw udwh vzds udwhv lqvwhdg1 Jroxe dqg Wlopdq +5333,
dqg Nrfl f/ Txlqwrv dqg \duhg +5333, phqwlrqhg wkh glplqlvklqj dprxqwv ri XV dqg Hx0
urshdq jryhuqphqw ghewv/ wkh fuhglw dqg oltxlglw| fulvhv ri 4<<;/ dqg wkh lqwurgxfwlrq ri
wkh hxur lq 4<<< dv sulpdu| fdwdo|}lqj idfwruv iru wklv ghyhorsphqw1 Hpslulfdo uhvhdufk
e| Krxzholqj dqg Yruvw +5334,/ rq wkh vdph pdunhw dqg ryhu wkh vdph wlph shulrg/ lqgl0
fdwhg wkdw wkh vzds fxuyh lv d ehwwhu sur{| iru wkh ghidxow0iuhh fxuyh wkdq lwv jryhuqphqw
frxqwhusduw1
Zh frqvlghu irxu glhuhqw oltxlglw| lqglfdwruv/ zklfk duh ghwdlohg lq Vhfwlrq LL1F1 Iru
hdfk lqglfdwru/ zh frqvwuxfw wzr wlph vhulhv ri sruwirolr |lhogv dv iroorzv1 Hyhu| wzr zhhnv/
zh rughu doo erqgv lq wkh vdpsoh e| wkh ydoxh ri wkh oltxlglw| lqglfdwru> rqo| erqgv wkdw
kdyh douhdg| ehhq lvvxhg dqg kdyh qrw pdwxuhg ru ehhq uhghhphg |hw rq wkh frqvwuxfwlrq
gdwh duh xvhg lq wkh rughulqj1 Wkhq/ 83( ri wkh erqgv jhwv dvvljqhg wr sruwirolr 4 dqg
83( wr sruwirolr 51 Zh gr wklv lq vxfk d zd| wkdw/ luuhvshfwlyh ri wkh oltxlglw| lqglfdwru
xvhg/ sruwirolr 4 +uhvshfwlyho| 5, frqwdlqv wkh erqgv wkdw duh k|srwkhvl}hg wr eh oltxlg
+uhvshfwlyho| looltxlg,1 Hyhu| gd| zh fdofxodwh wkh sruwirolr |lhog dv wkh xqzhljkwhg dyhudjh
ri wkh |lhogv ri wkh erqgv wkdw pdnh xs wkh sruwirolr1 Wkh erqg |lhog lv fdofxodwhg dv
iroorzv= li d erqg lv qrw txrwhg/ zh glvuhjdug lw iru wkdw gd|> li lw lv txrwhg e| rqh sulflqj
vrxufh/ zh xvh wkdw |lhog> li lw lv txrwhg e| pruh wkdq rqh sulflqj vrxufh/ zh xvh wkh
dyhudjh txrwh1 Zh dovr xvh wklv surfhgxuh wr fdofxodwh wkh |lhog suhplxp ehwzhhq ohjdf|
<dqg hxur erqgv/ vhh Vhfwlrq LY1E1
Olnh Euhqqdq dqg Vxeudkpdq|dp +4<<9,/ zh frqvlghu wzr uhjuhvvlrq prghov1 Wkh uvw
prgho lv







\￿| lv wkh h{fhvv |lhog ri sruwirolr l rq gd| w/
￿ lv wkh lqwhufhsw ri sruwirolr l/
V| lv wkh vorsh idfwru rq gd| w/
F| lv wkh fuhglw idfwru rq gd| w/
%￿| lv wkh uhjuhvvlrq huuru ri sruwirolr l rq gd| w1
Lq wklv uhjuhvvlrq prgho/ wkh qxoo k|srwkhvlv wkdw oltxlglw| kdv qr dgglwlrqdo srzhu lq
h{sodlqlqj erqg |lhogv deryh wkh wzr Idpd0Iuhqfk idfwruv/ fdq eh whvwhg e| h{dplqlqj
wkh mrlqw vljqlfdqfh ri wkh lqwhufhswv ￿1 Zh hvwlpdwh uhjuhvvlrqv +4, iru doo sruwirolrv
vlpxowdqhrxvo|/ vr wkdw wkh mrlqw vljqlfdqfh ri wkh lqwhufhswv fdq eh whvwhg e| dq I0whvw1
Wkh vhfrqg uhjuhvvlrq prgho uhdgv
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zkhuh O￿| lv wkh oltxlglw| lqglfdwru ri sruwirolr l dw gd| w dqg  O| lv wkh dyhudjh ri wkh
oltxlglw| lqglfdwru dw gd| w1L q h t x d w l r q +5,/ wkh sruwirolr0vshflf lqwhufhswv ri +4, kdyh
ehhq uhsodfhg e| d vlqjoh lqwhufhsw  dqg dq dgglwlrqdo uhjuhvvru kdv ehhq lqwurgxfhg wkdw
frqwdlqv d sur{| iru sruwirolr l*v oltxlglw|1 Wkhuhiruh/ wkh frqvwdqw oltxlglw| suhplxp ri ￿
lq wkh uvw uhjuhvvlrq prgho kdv ehhq uhsodfhg e| d wlph0ydu|lqj suhplxp .

O￿|   O|

1
43E| wdnlqj O￿|  O|>jlyhv wkh hhfw ri wkh ghyldwlrq ri d oltxlglw| lqglfdwru iurp lwv phdq1
Iru erwk uhjuhvvlrq prghov/ zh dvvxph wkdw wkh huuru whupv ri glhuhqw sruwirolrv duh lq0
ghshqghqwo| dqg khwhurvfhgdvwlfdoo| glvwulexwhg1 Wklv dvvxpswlrq frqvwlwxwhv d ghyldwlrq
iurp Euhqqdq dqg Vxeudkpdq|dp*v +4<<9, iudphzrun/ zkr dovr doorzhg wkh glvwxuedqfhv
wr eh fruuhodwhg1 Krzhyhu/ iru rxu gdwd vhw/ wkh huuru whupv duh vr vwurqjo| fruuhodwhg wkdw
wkh yduldqfh0fryduldqfh pdwul{ lv vlqjxodu1
LL1F Oltxlglw| Lqglfdwruv
Lq hpslulfdo sdshuv wkdw h{dplqhg oltxlglw| lq htxlw| pdunhwv/ erwk gluhfw dqg lqgluhfw
phdvxuhv ri oltxlglw| zhuh xvhg1 H{dpsohv ri gluhfw oltxlglw| phdvxuhv duh wkh elg0dvn
vsuhdg dqg wkh dprxqw erxjkw ru vrog ri d vhfxulw|1 Wkhvh gluhfw phdvxuhv duh riwhq qrw
uholdeoh dqg gl!fxow wr rewdlq iru frusrudwh erqgv/ ehfdxvh prvw wudqvdfwlrqv rffxu rq wkh
ryhu0wkh0frxqwhu pdunhw1 Wkhuhiruh/ zh frqvlghu irxu lqgluhfw oltxlglw| lqglfdwruv= lvvxhg
dprxqw/ djh/ qxpehu ri txrwhv dqg glvshuvlrq ri txrwhv1 Wkh lqglfdwru lvvxhg dprxqw lv
vwdwlf/ dv lw lv d {hg fkdudfwhulvwlf ri d erqg1 Wkh djh lqglfdwru fkdqjhv judgxdoo| ryhu
wlph1 Wkh qxpehu dqg glvshuvlrq ri txrwhv lqglfdwruv/ rq wkh rwkhu kdqg/ duh g|qdplf
dqg ghshqg rq pdunhw lqirupdwlrq1 Zh zloo qrz glvfxvv hdfk lqglfdwru lq pruh ghwdlo1
Wkh lvvxhg dprxqw ri d frusrudwh erqg lv riwhq dvvxphg wr jlyh dq lqglfdwlrq ri lwv
oltxlglw|1 Wkh lghd lv wkdw erqgv zlwk vpdoohu lvvxhg dprxqwv whqg wr jhw orfnhg lq ex|0
dqg0krog sruwirolrv pruh hdvlo|/ uhgxflqj wkh wudghdeoh dprxqw dqg wkxv wkhlu oltxlglw|1
Frqvhtxhqwo|/ d odujh lvvxhg dprxqw pd| jlyh d kljkhu erqg oltxlglw| wkdq d vpdoo lvvxhg
dprxqw1 Prvw lqyhvwphqw edqnv xvh wkh lvvxhg dprxqw dv oltxlglw| fulwhulrq lq exloglqj
wkhlu erqg lqglfhv1 Iru h{dpsoh/ Ohkpdq Eurwkhuv* Hxur0Djjuhjdwh Frusrudwh Erqg lqgh{
xvhv wklv fulwhulrq1 Dw lwv lqlwldwlrq/ wkh plqlpdo lvvxhg dprxqw wr eh lqfoxghg lq wkh
44lqgh{ zdv 433 ploolrq hxur/ phdqzkloh wklv dprxqw zdv udlvhg wr 483 ploolrq hxur/ dqg
rq Mdqxdu| 4r| 5335/ wkh dprxqw kdv ulvhq ixuwkhu wr 633 ploolrq hxur1 PfJlqw| +5334,
qdphg lvvxh vl}h dv rqh ri wkh ghwhuplqdqwv ri frusrudwh erqg oltxlglw|/ zklfk kh phdvxuhg
e| wudqvdfwlrq yroxph lqirupdwlrq iurp WUD[/ LVPD*v wudglqj dqg uhsruwlqj v|vwhp1
Krzhyhu/ PfJlqw| dovr phqwlrqhg wkdw lvvxh vl}h lv qrw wkh vdph wklqj dv oltxlglw|> klv
dqdo|vlv vkrzhg wkdw prvw odujh lvvxhv zhuh oltxlg/ exw vrph odujh lvvxhv zhuh dovr looltxlg
dqg vrph vpdoo lvvxhv zhuh oltxlg1 Wkh uhodwlrqvkls ehwzhhq lvvxh vl}h dqg |lhogv zdv
dqdo|}hg e| Fudeeh dqg Wxuqhu +4<<8,1 Wkh| irxqg qr uhodwlrqvkls ehwzhhq wkh |lhog ri
odujh lvvxh frusrudwh erqgv dqg vpdoo lvvxh phglxp whup qrwhv ri wkh vdph lvvxhu zlwk
wkh vdph lvvxdqfh dqg pdwxulw| gdwh= wkh odujh dqg wkh vpdoo lvvxhv kdg vwdwlvwlfdoo| wkh
vdph |lhogv1 Jhku dqg Pduwhoo +4<<5, uhjuhvvhg frusrudwh erqg vsuhdgv rq lvvxh vl}h1
Wkhlu uhvxowv vkrzhg wkdw wklv oltxlglw| lqglfdwru kdg wkh h{shfwhg qhjdwlyh vljq/ exw wkh
frh!flhqw zdv qrw vljqlfdqw1
Wkh djh ri d frusrudwh erqg lv rxu vhfrqg phdvxuh ri erqg oltxlglw|1 Dv wkh erqg
jhwv roghu/ dq lqfuhdvlqj shufhqwdjh ri lwv lvvxhg dprxqw lv devruehg lq lqyhvwruv* ex|0dqg0
krog sruwirolrv1 Wkxv/ wkh roghu wkh frusrudwh erqg jhwv/ wkh ohvv oltxlg lw ehfrphv1 Wklv
fodlp lv vxssruwhg e| hylghqfh lq Vfkxow} +4<<;,/ zkr dqdo|}hg d gdwd edvh ri XV groodu0
ghqrplqdwhg frusrudwh erqg wudghv1 Kh vkrzhg wkdw prvw wudghg erqgv lq klv vdpsoh
zhuh ri yhu| |rxqj djh> doprvw qr rog erqgv zhuh wudghg1 Pruhryhu/ lq klv vdpsoh prvw
erqgv zhuh erxjkw dqg qrw vrog> lq rwkhu zrugv/ wkh erqgv zhuh sxw lqwr ex|0dqg0krog
sruwirolrv1 PfJlqw| +5334, dovr srlqwhg wr djh dv d srvvleoh lqglfdwru ri frusrudwh erqg
oltxlglw|1 Pdunhw sudfwlwlrqhuv riwhq xvh wkuhvkrogv ri 6 wr 9 prqwkv wr ghwhuplqh li d
erqg lv *rog* ru *|rxqj*1 Suholplqdu| fdofxodwlrqv vkrzhg wkdw d 70prqwk wkuhvkrog zrunv
ehvw iru rxu gdwd vhw +vhh Vhfwlrq LY1H,1 Vr/ sruwirolr 4 frqvlvwv ri erqgv ri dw prvw 7
45prqwkv rog/ dqg sruwirolr 5 ri erqgv zlwk dq djh ri dw ohdvw 7 prqwkv1 Wklv lv d ghyldwlrq
iurp wkh sruwirolr frqvwuxfwlrq surfhvv ri wkh rwkhu lqglfdwruv> xvlqj wkdw surfhvv iru wkh
djh lqglfdwru zrxog jlyh sruwirolrv zlwk dq dyhudjh djh pxfk odujhu wkdq irxu prqwkv vr
wkdw erwk sruwirolrv zrxog frqwdlq *rog* erqgv1
Wkh dyhudjh qxpehu ri txrwhv shu gd| vlqfh wkh suhylrxv sruwirolr uhedodqflqj gdwh
lv rxu wklug vljqdo ri d erqg*v oltxlglw|1 Wkh lghd ehklqg wklv oltxlglw| lqglfdwru lv wkdw
wkhuh lv pruh wudglqj lq oltxlg erqgv/ vr wkdw pruh pdunhw sduwlflsdqwv zloo txrwh wkhp1
Khqfh/ pruh txrwhv pd| phdq d kljkhu oltxlglw|1 Vfkxow} +4<<;, vkrzhg wkdw wkhuh zdv
d srvlwlyh uhodwlrq ehwzhhq wkh qxpehu ri wudghv lq d erqg dqg wkh qxpehu ri ghdohuv dv
frxqwhusduwlhv lq klv vdpsoh ri XV groodu0ghqrplqdwhg frusrudwh erqgv1 Jhku dqg Pduwhoo
+4<<5, uhjuhvvhg wkh frusrudwh erqg vsuhdg rq wkh qxpehu ri ghdohuv1 Wkh uhvxow ri wkhlu
uhjuhvvlrq vkrzhg wkdw wklv oltxlglw| lqglfdwru kdg wkh h{shfwhg qhjdwlyh vljq/ exw wkh
frh!flhqw zdv qrw vljqlfdqw1
Rxu qdo oltxlglw| phdvxuh lv wkh dyhudjh txrwh glvshuvlrq vlqfh wkh suhylrxv sruwirolr
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zkhuh
|￿|￿ lv wkh |lhog ri erqg l txrwhg e| sulflqj vrxufh m rq gd| w/
 |￿| lv wkh dyhudjh |lhog ri erqg l rq gd| w/
q￿| lv wkh qxpehu ri txrwhv ri erqg l rq gd| w1
Wkh prwlydwlrq ehklqg wklv oltxlglw| lqglfdwru lv dv iroorzv= d oltxlg erqg lv wudghg
pruh riwhq wkdq dq looltxlg erqg vr wkdw lwv sulfh ehwwhu uh hfwv dydlodeoh lqirupdwlrq1
Dv d uhvxow/ |lhog txrwhv e| glhuhqw sulflqj vrxufhv whqg wr eh ohvv vsuhdg rxw durxqg
46wkh phdq iru d oltxlg erqg wkdq iru dq looltxlg erqg1 D odujhu |lhog glvshuvlrq lv wkxv
dvvrfldwhg zlwk orzhu oltxlglw|1 Wklv oltxlglw| phdvxuh qdwxudoo| iroorzv iurp wkh qxpehu
ri txrwhv oltxlglw| lqglfdwru> lw wulhv wr fdswxuh wkh yrodwlolw| lq wkh txrwhg |lhogv1 Li lw lv
qrw srvvleoh wr fdofxodwh wkh glvshuvlrq G￿| iru d erqg rq d uhedodqflqj gdwh/ wkdw erqg
lv ljqruhg xqwlo wkh qh{w uhedodqflqj gdwh1
Wdeoh 4 vxppdul}hv rxu irxu oltxlglw| lqglfdwruv1 Sruwirolr 4 dozd|v frqwdlqv wkh erqgv
wkdw duh k|srwkhvl}hg wr eh oltxlg/ l1h1 odujh lvvxhg dprxqw/ orz djh/ odujh qxpehu ri txrwhv
ru vpdoo txrwh glvshuvlrq1 Sruwirolr 5/ rq wkh rwkhu kdqg/ frqwdlqv erqgv wkdw zh h{shfw
wr eh looltxlg vr/ ghqrplqdwhg lq d vpdoo lvvxhg dprxqw/ kljk djh/ vpdoo qxpehu ri txrwhv
ru odujh txrwh glvshuvlrq1
Oltxlglw| lqglfdwru Sruwirolr 4 Sruwirolr 5
Lvvxhg dprxqw odujh vpdoo
Djh |rxqj rog
Qxpehu ri txrwhv odujh vpdoo
Txrwh glvshuvlrq vpdoo odujh
Wdeoh 41 Sruwirolr 4 dqg 5 iru hdfk oltxlglw| lqglfdwru1 Sruwirolr 4 +uhvs1 5, frqwdlqv wkh erqgv
wkdw duh k|srwkhvl}hg wr eh oltxlg +uhvs1 looltxlg,1
LLL Gdwd
Wkh gdwd duh grzqordghg iurp wkuhh glhuhqw vrxufhv1 Ohkpdq Eurwkhuv surylghv wkh
Lqwhuqdwlrqdo Vhfxulwlhv Lghqwlfdwlrq Qxpehuv +LVLQv, ri wkh phpehuv ri wkhlu Hxur0
Djjuhjdwh Frusrudwh Erqg lqgh{1 Iurp Eorrpehuj wkh uhtxluhg fkdudfwhulvwlfv ri wkhvh
frusrudwh erqgv duh grzqordghg1 Uhxwhuv 6333 H[wud surylghv gdlo| elg |lhogv ri hdfk
erqg txrwhg e| glhuhqw sulflqj vrxufhv1 Wkh grzqordg shulrg vwduwv rq Mdqxdu| 4/ 4<<<
d q gh q g vr qP d |64/ 53341 Wkh LVLQv duh rewdlqhg iru Pd| 64/ 53331 Wkh wrwdo qxpehu
ri erqgv rq wklv gdwh htxdov 44<31 Doo erqgv wkdw duh lvvxhg lq hxurv gluhfwo| diwhu wkh
47fxuuhqf|*v lqwurgxfwlrq duh lqfoxghg lq wklv dqdo|vlv1 Pruhryhu/ wkh |lhog wlph vhulhv ri
hdfk frusrudwh erqg kdv dw ohdvw wzhoyh prqwkv klvwru|1
LLL1D Ohkpdq Eurwkhuv
Ohkpdq Eurwkhuv surylghv wkh LVLQv ri wkh frusrudwh erqgv lq wkhlu Hxur0Djjuhjdwh
Frusrudwh Erqg lqgh{1 Wklv lqgh{ vhuyhv dv d sur{| ri wkh lqyhvwphqw0judgh hxur0
ghqrplqdwhg/ frusrudwh erqg pdunhw1 Ohkpdq Eurwkhuv lpsrvhv d qxpehu ri fulwhuld
ehiruh wkh frusrudwh erqgv fdq hqwhu lwv lqgh{1 Doo erqgv pxvw eh ghqrplqdwhg lq hxurv
ru lq rqh ri wkh ohjdf| fxuuhqflhv1 Ixuwkhu/ doo erqgv duh lqyhvwphqw judgh/ kdyh d {hg0
udwh frxsrq/ dw ohdvw rqh0|hdu wr pdwxulw| dqg dq lvvxhg dprxqw ri dw ohdvw 483 ploolrq
hxur1 Wkh frxqwu| ri lvvxdqfh dqg wkh frxqwu| ri wkh lvvxhu duh qr lqgh{ fulwhuld1 Wkh
fuhglw udwlqjv ri doo frusrudwh erqgv duh dovr surylghg e| Ohkpdq Eurwkhuv1 Doo udwlqjv
duh grzqordghg iru Pd| 64/ 53331 Zh kdyh nhsw wkhvh udwlqjv xqfkdqjhg gxulqj wkh zkroh
shulrg/ vlqfh zh rqo| xvh wkhp wr jlyh dq lqglfdwlrq ri wkh dyhudjh fuhglw zruwklqhvv ri
rxu frqvwuxfwhg sruwirolrv1 Ilqdoo|/ wkhlu Hxur0Djjuhjdwh Frusrudwh Erqg EEE vxe lqgh{
lv xvhg wr frqvwuxfw wkh Idpd0Iuhqfk fuhglw idfwru1
LLL1E Eorrpehuj
Eorrpehuj surylghv wkh uhtxluhg erqg fkdudfwhulvwlfv1 Xvlqj wkh LVLQv wkdw duh jlyhq
e| Ohkpdq Eurwkhuv wkhvh fkdudfwhulvwlfv duh grzqordghg1 Lq fdvh dq LVLQ frgh lv qrw
uhfrjql}hg e| Eorrpehuj/ wkh erqg gdwd duh rewdlqhg iurp Ohkpdq Eurwkhuv* SF Surgxfw
v|vwhp1 Iurp wkh lqlwldo 44<3 LVLQv/ 6 duh qrw dydlodeoh lq wkh Eorrpehuj gdwdedvh1 Wkh
grzqordghg frusrudwh erqg fkdudfwhulvwlfv duh= lvvxhg dprxqw/ lvvxh gdwh/ pdwxulw| gdwh/
fxuuhqf|/ fdoo gdwhv/ sxw gdwhv dqg vlqnlqj ixqg gdwhv1 Hxur0ghqrplqdwhg sdu vzds gdwd/
48zklfk duh xvhg wr fdofxodwh wkh wzr Idpd0Iuhqfk idfwruv dqg wkh sruwirolr h{fhvv |lhogv/
duh dovr grzqordghg iurp Eorrpehuj1
LLL1F Uhxwhuv
Uhxwhuv 6333 H[wud surylghv wkh elg |lhogv ri wkh vhohfwhg frusrudwh erqgv1 Prvw frusrudwh
erqg |lhogv lq wkh Ohkpdq Eurwkhuv Hxur0Djjuhjdwh lqgh{ duh elg |lhogv> rqo| qhzo| lvvxhg
frusrudwh erqg kdyh dvn |lhogv gxulqj wkhlu uvw prqwk lq wkh lqgh{ +Ohkpdq Eurwkhuv/
4<<<,1 Wkhuhiruh/ zh grzqordg elg |lhogv iurp Uhxwhuv1 Iru hdfk frusrudwh erqg/ doo
sulflqj vrxufhv +dovr fdoohg frqwulexwruv, duh grzqordghg1 Zh h{foxgh wzr Uhxwhuv sulflqj
vrxufhv/ wkh fohdulqj djhqf| LVPD dqg wzr dqrq|prxv sulflqj vrxufhv iurp wkh olvw ri
frqwulexwruv/ vlqfh wkh| duh dyhudjhv ri rwkhu sulflqj vrxufhv1 Zh ghqh d sulflqj vrxufh
dv uhohydqw li lw sulfhv dw ohdvw rqh frusrudwh erqg dw ohdvw rqh wlph1 Wkh wrwdo qxpehu ri
glhuhqw sulflqj vrxufhv wkxv rewdlqhg htxdov :71
Iurp wkh ruljlqdo 44<3 LVLQv lq wkh Ohkpdq Eurwkhuv Hxur0Djjuhjdwh Frusrudwh Erqg
lqgh{ <<< frusrudwh erqgv kdyh dw ohdvw rqh uhohydqw sulflqj vrxufh1 Wkh 4<4 frusrudwh
erqgv wkdw duh qrw dqdo|}hg kdyh qr Uhxwhuv Lghqwlfdwlrq Frgh +ULF, wkdw pdwfkhv lwv
LVLQ/ kdyh d ULF exw qr frqwulexwru ru kdyh d ULF exw qr uhohydqw frqwulexwru1 Iru wkhvh
<<< erqgv/ doo elg |lhogv iurp doo uhohydqw sulflqj vrxufhv duh grzqordghg1 Wklv phdqv
wkdw d qxpehu ri wlph vhulhv/ htxdo wr wkh qxpehu ri sulflqj vrxufhv/ vkrzv wkh |lhog
ghyhorsphqwv ri hdfk erqg1 Prvw erqgv duh txrwhg e| pruh wkdq rqh sulflqj vrxufh1
49LY Uhvxowv
Zh uvw suhvhqw wkh uhvxowv ri uhjuhvvlqj wkh sruwirolr h{fhvv |lhogv rq wkh Idpd0Iuhqfk
erqg0pdunhw idfwruv1 Wklv uhjuhvvlrq lv uvw frqgxfwhg iru wkh hqwluh vdpsoh lq Vhfwlrq
LY1D dqg wkhq iru sruwirolrv ri hxur dqg ohjdf| erqgv lq Vhfwlrq LY1E1 Qh{w/ zh ghvfuleh
vrph fkdudfwhulvwlfv ri wkh frqvwuxfwhg sruwirolrv iru irxu oltxlglw| lqglfdwruv rq wkh hxur0
ghqrplqdwhg frusrudwh erqg pdunhw lq Vhfwlrq LY1F1 Ilqdoo| wkh uhjuhvvlrq uhvxowv iru
hdfk oltxlglw| lqglfdwru duh jlyhq lq Vhfwlrqv LY1G wr LY1J1
LY1D Hqwluh Vdpsoh
Wr whvw zkhwkhu wkh hxur0grplqdwhg frusrudwh erqg pdunhw fdq/ rq dyhudjh/ eh ghvfulehg
e| wkh wzr0idfwru Idpd0Iuhqfk prgho/ zh uvw uxq uhjuhvvlrq prgho +4, iru d sruwirolr
zlwk doo erqgv lq rxu vdpsoh1 Wkh h{fhvv |lhog lv fdofxodwhg dv wkh sruwirolr |lhog plqxv
wkh rqh0|hdu hxur vzds udwh> wkh vorsh idfwru lv ghqhg dv wkh whq0|hdu vzds udwh plqxv
wkh rqh0|hdu vzds udwh ri wkh suhylrxv gd|> wkh fuhglw idfwru lv fdofxodwhg dv wkh Ohkpdq
Eurwkhuv Hxur0Djjuhjdwh Frusrudwh Erqg EEE vxe lqgh{ plqxv wkh whq0|hdu hxur vzds
udwh1
Wdeoh 5 vkrzv wkh U2 dqg wkh hvwlpdwhg frh!flhqwv dorqj zlwk wkhlu w0ydoxhv lq sduhq0
wkhvhv1 Wkh U2 ydoxh lv kljk dqg frpsdudeoh wr wkh ydoxhv uhsruwhg e| Idpd dqg Iuhqfk
+4<<6,1 Wkh hvwlpdwhg vorsh dqg fuhglw frh!flhqwv duh vwdwlvwlfdoo| vljqlfdqw1 Wkh lqwhu0
fhsw frh!flhqw lv vwdwlvwlfdoo| qrw vljqlfdqw/ vr wkdw wkh DSW fdqqrw eh uhmhfwhg iru wkh
hqwluh vdpsoh1
Wkh uhjuhvvlrq prgho lv djdlq hvwlpdwhg/ exw zlwk wkh hxur vzds udwhv uhsodfhg e|
wkh hxur jryhuqphqw udwhv> vr/ wkh h{fhvv |lhogv/ wkh vorsh dqg fuhglw idfwruv duh qrz
4:Lqwhufhsw Vorsh Fuhglw
Hqwluh vdpsoh 313585 +4=977, 31:<6 +;8=9, 314<< +4;=3,
U2 <;13(
Wdeoh 51 Wkh uhjuhvvlrq ri wkh wrwdo vdpsoh zlwk vzds udwhv dv ghidxow0iuhh udwhv xvlqj wkh uvw
uhjuhvvlrq prgho1
fdofxodwhg zlwk jryhuqphqw |lhogv1 Rxu sur{| iru hxur jryhuqphqw udwh lv wkh Ohkpdq
Eurwkhuv Hxur0Djjuhjdwh Wuhdvxu| lqgh{1 Wdeoh 6 vkrzv wkh uhjuhvvlrq uhvxowv1 Erwk wkh
U2 dqg wkh w 0ydoxhv ri wkh vorsh dqg fuhglw idfwruv kdyh ghfuhdvhg frpsduhg wr Wdeoh 51
Pruhryhu/ wkh lqwhufhsw lv vljqlfdqwo| glhuhqw iurp }hur1 Wkhuhiruh/ wkh DSW vkrxog eh
uhmhfwhg lq fdvh jryhuqphqw udwhv duh xvhg dv ghidxow iuhh udwhv1 Wklv hpslulfdoo| frqupv
rxu fkrlfh iru xvlqj vzds udwhv dv sur{| iru ghidxow0iuhh lqwhuhvw udwhv lqvwhdg ri wuhdvxu|
udwhv1
Lqwhufhsw Vorsh Fuhglw
Hqwluh vdpsoh 316<4 +59=5, 31879 +:3=7, 31669 +49=5,
U2 <814(
Wdeoh 61 Wkh uhjuhvvlrq uhvxowv ri wkh wrwdo vdpsoh zlwk hxur jryhuqphqw udwhv dv ghidxow0iuhh
udwhv xvlqj wkh uvw uhjuhvvlrq prgho1
LY1E Hxur dqg Ohjdf| Erqgv
Wkh pdunhw jhqhudoo| vhhv ohjdf| erqgv dv ohvv oltxlg/ ehfdxvh wkhvh erqgv duh uhodwlyho|
rog/ qrw zhoo nqrzq wr lqyhvwruv dqg pruh gl!fxow wr wudgh gxh wr wkh ohjdf| fxuuhqf|1
Wr ghwhuplqh wkh vljqlfdqfh ri wklv ohjdf| hhfw/ zh iroorz wkh vdph phwkrgrorj| dv iru
rxu oltxlglw| lqglfdwruv e| fuhdwlqj wzr sruwirolrv dqg hvwlpdwlqj uhjuhvvlrq prgho +4,14
Sruwirolr 4 frqwdlqv wkh hxur0ghqrplqdwhg frusrudwh erqgv/ zkloh sruwirolr 5 frqwdlqv
erqgv ghqrplqdwhg lq d ohjdf| fxuuhqf|1 Zh k|srwkhvl}h wkdw d hxur0ghqrplqdwhg erqg
4Htxdwlrq E2 lv qrw lpsohphqwhg iru wkh hxur dqg ohjdf| sruwirolrv/ ehfdxvh lw zrxog eh htxlydohqw wr
htxdwlrq E= vlqfh zh xvh d elqdu| lqglfdwru +hxur yhuvxv qrq0hxur,/ wkh yduldeoh u zrxog eh d gxpp|
yduldeoh1
4;kdv d kljkhu |lhog wkdq lwv frpsdudeoh/ ohjdf|0fxuuhqf| frxqwhusduw1
Wkh uhjuhvvlrq uhvxowv duh jlyhq lq Wdeoh 71 Doo hvwlpdwhg frh!flhqwv duh vljqlfdqwo|
glhuhqw iurp }hur dw d <8( frqghqfh ohyho1 Wkh wdeoh vkrxog vkrz d orzhu lqwhufhsw
frh!flhqw iru sruwirolr 4 wkdq iru sruwirolr 5> wklv lv lqghhg wkh fdvh1 Wkh qxoo k|srwkhvlv
lv vwurqjo| uhmhfwhg/ zlwk d kljk I0ydoxh/ vr wkdw d sulflqj dqrpdo| grhv h{lvw1 Wkh phdq
|lhog glhuhqfh ehwzhhq erqgv ghqrplqdwhg lq hxurv yhuvxv erqgv ghqrplqdwhg lq d ohjdf|
fxuuhqf| lv 83 esv1
Sruwirolr Lqwhufhsw Vorsh Fuhglw
Sruwirolr 4 0316;< +47=<, 414; +:7=<, 31947 +65=<,
Sruwirolr 5 31443 +6=<3, 31:39 +74=8, 313734 +4=<<,
I +￿@2@3, 8;13 +3=33,
U2 <914(
Wdeoh 71 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru fxuuhqf| iru wkh uvw uhjuhvvlrq prgho1
Wr frqfoxgh/ d vwurqj fxuuhqf|0uhodwhg sulflqj dqrpdo| h{lvwv iru rxu gdwd vhw1 Lq
idfw/ wklv vwurqj dqrpdo| grplqdwhv wkh uhvxowv ri rxu ixuwkhu dqdo|vhv xvlqj wkh irxu
oltxlglw| lqglfdwruv= xvlqj erwk hxur dqg ohjdf| erqgv lq wkhvh dqdo|vhv |lhogv vpdoohu
|lhog suhplxpv wkdw vrphwlphv kdyh frxqwhulqwxlwlyh vljqv dv frpsduhg wr xvlqj rqo|
hxur erqgv15 Wkhuhiruh/ zh uhpryh ohjdf| erqgv iurp rxu vdpsoh dqg irfxv rq wkh hxur0
ghqrplqdwhg erqgv rqo| lq wkh iroorzlqj dqdo|vhv1
LY1F Sruwirolr Fkdudfwhulvwlfv
Wdeoh 8 frqwdlqv vrph vxppdu| vwdwlvwlfv iru wkh sruwirolrv wkdw duh frqvwuxfwhg iurp
wkh hxur0ghqrplqdwhg erqgv lq rxu vdpsoh zlwk wkh irxu oltxlglw| lqglfdwruv1 Doo fhoov
lq wklv wdeoh duh dyhudjh ydoxhv ryhu wkh ixoo hvwlpdwlrq zlqgrz ri 935 wudglqj gd|v1 Zh
5Wkhvh uhvxowv duh qrw vkrzq khuh/ exw dydlodeoh iurp wkh dxwkruv rq uhtxhvw1
4<revhuyh wkdw wkh dyhudjh |lhogv ri sruwirolr 4 +frqwdlqlqj wkh k|srwkhvl}hg oltxlg erqgv,
dqg sruwirolr 5 +looltxlg erqgv, duh txlwh glhuhqw1 Wkh ghyldwlrqv udqjh iurp 4 wr 48
edvlv srlqwv +esv,1 Krzhyhu/ lw lv qrw fruuhfw wr ixoo| dwwulexwh wkhvh |lhog glhuhqfhv
wr glhuhqfhv lq oltxlglw|/ vlqfh wkh dyhudjh pdwxulw| dqg wkh dyhudjh fuhglw zruwklqhvv
dovr vwurqjo| ydu|1 H{fhsw iru wkh lqglfdwru qxpehu ri txrwhv/ zh frxog hyhq suhpdwxuho|
frqfoxgh wkdw wkh oltxlglw| suhplxp lv qhjdwlyh/ vlqfh sruwirolr 4 kdv d kljkhu dyhudjh
|lhog wkdq sruwirolr 51
Wkhuhiruh/ wklv wdeoh looxvwudwhv wkh qhfhvvlw| ri xvlqj wkh Idpd0Iuhqfk prgho wr fruuhfw
iru fkdudfwhulvwlfv wkdw dovr dhfw d erqg*v |lhog= wkh Idpd0Iuhqfk vorsh idfwru vkrxog
fruuhfw iru pdwxulw| glhuhqfhv/ zkhuhdv wkh fuhglw idfwru lv ghvljqhg wr devrue yduldwlrqv
lq fuhglw udwlqjv1
\lhog Pdwxulw| Udwlqj
S1 4 S1 5 S1 4 S1 5 S1 4 S1 5
Lvvxhg dprxqw 8=68 8=55 9=73 8=77 5=54 5=54
Djh 8=64 8=49 :=37 9=35 5=73 5=47
Qxpehu ri txrwhv 8=5< 8=63 9=44 8=:8 5=59 5=48
Glvshuvlrq ri txrwhv 8=73 8=64 9=<3 9=3: 5=59 5=65
Wdeoh 81 Vxppdu| vwdwlvwlfv ri wkh frqvwuxfwhg sruwirolrv xvlqj wkh irxu oltxlglw| lqglfdwruv1 S1
4 +uhvs1 S1 5, lqglfdwhv sruwirolr 4 +uhvs1 5,1 Pdwxulw| lv wkh dyhudjh wlph wr pdwxulw| lq |hduv1
Udwlqj lv wkh dyhudjh fuhglw zruwklqhvv/ phdvxuhg rq wkh iroorzlqj vfdoh= 4@DDD 5@DD/ 6@D/
hwf1
LY1G Lvvxhg Dprxqw
Wkh oltxlglw| lqglfdwru lvvxhg dprxqw lv xvhg wr frqvwuxfw wzr erqg sruwirolrv> sruwirolr
4 frqwdlqlqj wkh erqgv zlwk wkh odujhvw lvvxhg dprxqw dqg sruwirolr 5 zlwk wkh vpdoohvw
lvvxhg dprxqw/ erwk lq hxurv1 Zh h{shfw wkdw wkh uhodwlrqvkls ehwzhhq lvvxhg dprxqw
dqg oltxlglw| lv srvlwlyh= d odujhu lvvxhg dprxqw vkrxog uhvxow lq juhdwhu oltxlglw|1 Wkxv/
wkh h{fhvv |lhog vkrxog eh orzhu iru odujhu lvvxhv1
53Wkh uhjuhvvlrq uhvxowv xvlqj htxdwlrq +4, duh vkrzq lq Wdeoh 91 Doo hvwlpdwhg sdudp0
hwhuv lq wklv wdeoh duh kljko| vljqlfdqw1 Zh revhuyh wkdw wkh vorsh dqg fuhglw frh!flhqwv
ri sruwirolr 4 duh odujhu wkdq wkrvh ri sruwirolr 51 Wklv uh hfwv wkh qglqjv ri Wdeoh 8 wkdw
sruwirolr 4 kdv/ rq dyhudjh/ d odujhu pdwxulw| dqg d orzhu fuhglw udwlqj1 Ixuwkhu/ zh qg
wkdw wkh lqwhufhsw ri sruwirolr 4 lv voljkwo| vpdoohu wkdq wkh lqwhufhsw ri sruwirolr 5= Wklv
frqupv wkh k|srwkhvl}hg uhodwlrq ehwzhhq lvvxhg dprxqw dqg oltxlglw|1 Wkh glhuhqfh
ehwzhhq wkh lqwhufhswv ri rqo| 3=5 esv lv wkh dyhudjh oltxlglw| suhplxp ehwzhhq vpdoo dqg
odujh lvvxhv1 Wkh I0whvw vkrzv wkdw wkh k|srwkhvlv wkdw erwk lqwhufhswv duh htxdo wr }hur
fdq dozd|v eh uhmhfwhg/ dv lqglfdwhg e| wkh s0ydoxh ri 3=331 Wklv phdqv wkdw wkh oltxlglw|
lqglfdwru lvvxhg dprxqw grhv ghwhuplqh wkh h{fhvv |lhog ri wkh frqvwuxfwhg sruwirolrv dqg
d sulflqj dqrpdo| h{lvwv1
Sruwirolr Lqwhufhsw Vorsh Fuhglw
Sruwirolr 4 0313;<6 +7=<3, 31<79 +;9=5, 31687 +5:=4,
Sruwirolr 5 0313;9: +7=66, 31;89 +:3=<, 31649 +55=3,
I +￿@2@3, 4316 +3=33,
U2 <:14(
Wdeoh 91 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru lvvxhg dprxqw iru wkh uvw uhjuhvvlrq prgho1
Qh{w/ wkh wzr sruwirolrv duh xvhg lq uhjuhvvlrq prgho +5,1 Wdeoh : glvsod|v wkh uhvxowv1
Wkh vorsh dqg fuhglw sdudphwhuv duh vwdwlvwlfdoo| vljqlfdqw dqg vkrz wkh vdph uhodwlyh
frh!flhqwv dv lq Wdeoh 91 Oltxlglw| frh!flhqw  kdv d qhjdwlyh ydoxh/ zklfk lv lq olqh zlwk
rxu h{shfwdwlrqv/ exw lv lqvljqlfdqw1 Wkh qxoo k|srwkhvlv wkdw  dqg  duh mrlqwo| htxdo
wr }hur vkrxog eh uhmhfwhg1
Lq vkruw/ zh vhh wkdw wkh sruwirolrv wkdw duh frqvwuxfwhg xvlqj wkh oltxlglw| lqglfdwru
lvvxhg dprxqw jhqhudwh vwdwlvwlfdoo| vljqlfdqw lqwhufhswv/ dqg wkh oltxlglw| sdudphwhu kdv
wkh uljkw vljq dffruglqj wr rxu h{shfwdwlrqv1 Dovr/ wkh DSW vkrxog eh uhmhfwhg iru erwk
54Sruwirolr Vorsh Fuhglw
Sruwirolr 4 31<96 +::=4, 316:7 +58=5,
Sruwirolr 5 31;69 +93=<, 315<6 +4;=3,
Lqwhufhsw  0313;8: +9=68,
Oltxlglw|  031444 +4=;:,
I +@@3, 4516 +3=33,
U2 <:14(
Wdeoh :1 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru lvvxhg dprxqw iru wkh vhfrqg uhjuhvvlrq
prgho1
prgho +4, dqg +5,1 Wkh oltxlglw| suhplxp lv qhjoljleoh wkrxjk +rqo| 315 esv,/ vr wkdw wkh
lqglfdwru lvvxhg dprxqw kdv olplwhg sudfwlfdo lpsolfdwlrqv1
LY1H Djh
Iru wkh oltxlglw| lqglfdwru djh/ sruwirolr 4 frqwdlqv wkh erqgv zlwk dq djh ri 7 prqwkv dqg
sruwirolr 5 zlwk dq djh ri dw ohdvw 7 prqwkv1 Zh h{shfw wkdw wkh uhodwlrqvkls ehwzhhq djh
dqg oltxlglw| lv qhjdwlyh> d kljkhu djh uhvxowv lq orzhu oltxlglw|1
Wkh uhjuhvvlrq uhvxowv iurp htxdwlrq +4, duh jlyhq lq Wdeoh ;1 Doo frh!flhqwv duh
vljqlfdqwo| glhuhqw iurp }hur1 Wkh rughulqj ri wkh vorsh frh!flhqwv fruuhvsrqgv wr wkh
dyhudjh pdwxulwlhv iurp Wdeoh 8/ exw wkh rughulqj ri wkh fuhglw frh!flhqwv lv qrw lq olqh
zlwk Wdeoh 81 Wkh lqwhufhsw frh!flhqwv fruuhvsrqg zlwk rxu h{shfwdwlrqv1 Wkhlu vl}h
lpsolhv d phdq oltxlglw| suhplxp ri 47 esv ri rog erqgv ryhu |rxqj erqgv1 Wkh qxoo
k|srwkhvlv ri }hur lqwhufhswv fdq dozd|v eh uhmhfwhg dv wkh s0ydoxh lv htxdo wr 3=331
Sruwirolr Lqwhufhsw Vorsh Fuhglw
Sruwirolr 4 031747 +49=8, 4153 +:;=<, 31948 +5:=3,
Sruwirolr 5 0315:6 +;=75, 4133 +83=;, 3194: +54=3,
I +￿@2@3, ;<1< +3=33,
U2 <918(
Wdeoh ;1 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru djh iru wkh uvw uhjuhvvlrq prgho1
55Wdeoh < vkrzv wkh uhvxowv iurp hvwlpdwlqj htxdwlrq +5,1 Djdlq wkh uhodwlyh vorsh
frh!flhqw duh lq olqh zlwk wkh h{shfwdwlrqv iurp Wdeoh 8/ krzhyhu wklv grhv qrw dsso|
iru wkh fuhglw frh!flhqwv1 Wkh rwkhu uhvxowv duh lqwxlwlyh/ vlqfh wkh oltxlglw| sdudphwhu
kdv d srvlwlyh vljq1 Dovr wkh lqwhufhsw dqg oltxlglw| frh!flhqwv duh mrlqwo| vwdwlvwlfdoo|
vljqlfdqw1
Sruwirolr Vorsh Fuhglw
Sruwirolr 4 414; +;<=;, 318:; +5<=9,
Sruwirolr 5 4137 +97=6, 3199< +5;=5,
Lqwhufhsw  031686 +4:=6,
Oltxlglw|  31347: +4=93,
I +@@3, ;913 +3=33,
U2 <918(
Wdeoh <1 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru djh iru wkh vhfrqg uhjuhvvlrq prgho1
Vxppdul}lqj/ wkh oltxlglw| lqglfdwru djh jlyhv lqwxlwlyh uhvxowv1 Htxdwlrq +4, jhqhudwhv
fruuhfwo| rughuhg lqwhufhswv dqg htxdwlrq +5, vkrzv d oltxlglw| lqglfdwru frh!flhqw zlwk d
vljq fruuhvsrqglqj wr rxu h{shfwdwlrqv1 Pruhryhu/ wkhvh uhvxowv duh vwdwlvwlfdoo| vljqlfdqw1
D oltxlglw| suhplxp ehwzhhq |rxqj dqg rog erqgv h{lvwv dqg htxdov 47 esv1
LY1I Qxpehu ri Txrwhv
Wkh oltxlglw| lqglfdwru qxpehu ri txrwhv lv xvhg wr frqvwuxfw wzr erqg sruwirolrv= sruwirolr
4 frqwdlqv wkh erqgv zlwk wkh odujhvw qxpehu ri txrwhv dqg sruwirolr 5 kdv wkh erqgv zlwk
wkh vpdoohvw qxpehu ri txrwhv1 Zh h{shfw wkdw d odujhu qxpehu ri txrwhv lqfuhdvhv oltxlglw|
dqg orzhuv h{fhvv |lhogv1
Wdeoh 43 vkrzv wkh uhjuhvvlrq uhvxowv iru wkh lqwhufhsw/ vorsh dqg fuhglw frh!flhqwv1
Iurp Wdeoh 8/ zh h{shfw wkdw wkh vorsh dqg fuhglw frh!flhqwv ri sruwirolr 4 duh odujhu wkdq
ri sruwirolr 5/ zklfk lv lqghhg wkh fdvh1 Pruhryhu/ wkh frqvwuxfwlrq ri wkh wzr sruwirolrv
56lpsolhv d orzhu lqwhufhsw ri sruwirolr 4 frpsduhg wr sruwirolr 5/ ehfdxvh wkh qxpehu ri
txrwhv lv odujhu lq sruwirolr 41 Wkh wdeoh dovr frqupv wklv h{shfwdwlrq dqg vkrzv dq
dyhudjh h{fhvv |lhog ri 5: esv ri sruwirolr 5 ryhu sruwirolr 41 Wkh qxoo k|srwkhvlv lv
vwurqjo| uhmhfwhg zlwk d s0ydoxh ri 3=331
Sruwirolr Lqwhufhsw Vorsh Fuhglw
Sruwirolr 4 031559 +44=7, 31<;9 +;5=8, 31754 +5<=9,
Sruwirolr 5 3137<5 +5=65, 31;54 +97=4, 31586 +49=9,
I +￿@2@3, 6417 +3=33,
U2 <919(
Wdeoh 431 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru qxpehu ri txrwhv iru wkh uvw uhjuhvvlrq
prgho1
Wkh uhjuhvvlrq lv dovr uxq xvlqj htxdwlrq +5,1 Wkh uhvxowv ri wklv uhjuhvvlrq duh jlyhq
lq Wdeoh 441 Erwk vorsh dqg fuhglw frh!flhqwv duh qrw lq olqh zlwk Wdeoh 81 Pruhryhu wkh
oltxlglw| yduldeoh kdv d srvlwlyh dqg vljqlfdqw vljq1 Wklv srvlwlyh vljq lv lq frqwudvw zlwk
rxu k|srwkhvlv1 Krzhyhu/ wkh qxoo k|srwkhvlv fdq eh uhmhfwhg iru doo frqghqfh ohyhov1
Sruwirolr Vorsh Fuhglw
Sruwirolr 4 31<34 +<9=7, 31653 +59=9,
Sruwirolr 5 31<3< +<:=5, 3168: +5<=9,
Lqwhufhsw  0313<45 +9=3:,
Oltxlglw|  3133474 +5=94,
I +@@3, 4316 +3=33,
U2 <917(
Wdeoh 441 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru qxpehu ri txrwhv iru wkh vhfrqg uhjuhvvlrq
prgho1
Lq frqfoxvlrq/ wkh qxpehu ri txrwhv oltxlglw| lqglfdwru ohdgv wr d uhmhfwlrq ri wkh DSW
prgho iru erwk prgho +4, dqg +5,= Zh qg wkh h{shfwhg rughulqj ri wkh lqwhufhswv/ exw
dq xqh{shfwhg vljq iru wkh oltxlglw| yduldeoh1 D vxevwdqwldo oltxlglw| suhplxp ri 5: esv
h{lvwv ehwzhhq erqgv zlwk d vpdoo dqg d odujh qxpehu ri txrwhv1
57LY1J Glvshuvlrq ri Txrwhv
Ilqdoo|/ wkh txrwh glvshuvlrq yduldeoh iurp htxdwlrq +6, lv xvhg wr frqvwuxfw wzr erqg
sruwirolrv1 Sruwirolr 4 kdv wkh erqgv zlwk wkh orzhvw glvshuvlrq dqg sruwirolr 5 frqwdlqv
wkh erqgv zlwk wkh kljkhvw glvshuvlrq1 Zh h{shfw wkh uhodwlrqvkls ehwzhhq wkh glvshuvlrq
ri txrwhv dqg oltxlglw| wr eh qhjdwlyh1 Wkhuhiruh/ zh h{shfw d orzhu lqwhufhsw frh!flhqw
ri sruwirolr 4 frpsduhg wr sruwirolr 51
Wdeoh 45 frqupv rxu h{shfwdwlrqv1 Wkh vl}h ri erwk lqwhufhswv lpsolhv d phdq oltxlglw|
suhplxp ri 7: esv1 Pruhryhu/ wkh lqwhufhswv duh erwk lqglylgxdoo| vljqlfdqw/ dv lqglfdwhg
e| wkhlu w0ydoxhv/ dqg mrlqwo| vljqlfdqw/ dv lpsolhg e| wkh I0whvw1 Wkhuhiruh/ sulflqj
dqrpdolhv gr h{lvw dffruglqj wr wkhvh uhjuhvvlrq uhvxowv1 Rqo| wkh vorsh frh!flhqwv vkrz
wkh h{shfwhg rughulqj1
Sruwirolr Lqwhufhsw Vorsh Fuhglw
Sruwirolr 4 031583 +44=4, 413; +:<=<, 3178< +5;=9,
Sruwirolr 5 31557 +<=85, 31:7< +85=<, 3137<7 +5=<7,
I +￿@2@3, 8618 +3=33,
U2 <91:(
Wdeoh 451 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru glvshuvlrq ri txrwhv iru wkh uvw uhjuhvvlrq
prgho1
Wkh uhvxowv iru htxdwlrq +5, duh jlyhq lq Wdeoh 461 Djdlq wkh vorsh frh!flhqwv kdyh
wkh h{shfwhg rughulqj1 Wkh oltxlglw| sdudphwhu kdv wkh h{shfwhg vljq dqg lv vljqlfdqw1
Pruhryhu/ wkh qxoo k|srwkhvlv lv vwurqjo| uhmhfwhg1
Wr vxppdul}h/ wkh oltxlglw| lqglfdwru glvshuvlrq ri txrwhv frqupv rxu h{shfwdwlrqv=
lw jhqhudwhv wkh dqwlflsdwhg lqwhufhsw frh!flhqwv dqg wkh h{shfwhg vljq ri wkh oltxlglw|
lqglfdwru sdudphwhu1 Erwk uhjuhvvlrq prghov vkrz vljqlfdqw sulflqj dqrpdolhv1 Wkh
oltxlglw| suhplxp wkdw dulvhv iurp wklv lqglfdwru lv dq lpsuhvvlyh 7: esv1
58Sruwirolr Vorsh Fuhglw
Sruwirolr 4 31<84 +;:=3, 31638 +55=<,
Sruwirolr 5 31;:: +;3=8, 314<< +48=3,
Lqwhufhsw  03133<94 +3=886,
Oltxlglw|  3133<55 +7=94,
I +@@3, 8183 +3=33,
U2 <914(
Wdeoh 461 Uhjuhvvlrq uhvxowv iru wkh oltxlglw| lqglfdwru glvshuvlrq ri txrwhv iru wkh vhfrqg uhjuhv0
vlrq prgho1
Y Vxppdu|
Zh xvh wkh Euhqqdq dqg Vxeudkpdq|dp +4<<9, phwkrgrorj| wr whvw zkhwkhu oltxlglw| lv
sulfhg lq wkh hxur0ghqrplqdwhg frusrudwh erqg pdunhw1 \lhogv duh xvhg wr phdvxuh wkh
erqgv* h{shfwhg uhwxuqv1 Irxu lqgluhfw lqglfdwruv ri erqg oltxlglw| duh hpsor|hg= lvvxhg
dprxqw/ djh/ qxpehu ri txrwhv dqg glvshuvlrq ri txrwhv1 Iru hdfk oltxlglw| lqglfdwru/
zh frqvwuxfw wzr pxwxdoo| h{foxvlyh sruwirolrv1 Wkh wzr wlph vhulhv ri sruwirolr |lhogv
duh vxevhtxhqwo| xvhg lq d Idpd dqg Iuhqfk +4<<6, uhjuhvvlrq prgho/ zklfk frqwurov iru
glhuhqfhv lq pdwxulw| dqg fuhglw zruwklqhvv1
Zh uvw orrn dw |lhog glhuhqfhv ehwzhhq erqgv ghqrplqdwhg lq d ohjdf| fxuuhqf| dqg
lq hxurv dqg qg dq lpsuhvvlyh |lhog suhplxp ri 83 edvlv srlqwv +esv, ri ohjdf| ryhu hxur
erqgv1 Ehfdxvh wklv suhplxp grplqdwhv wkh hhfwv ri rxu irxu oltxlglw| lqglfdwruv/ dqg
jlyhq wkh judgxdo glvdsshdudqfh ri ohjdf| erqgv iurp wkh pdunhw/ zh kdyh uhpryhg wkh
ohjdf| erqgv iurp rxu ixuwkhu dqdo|vhv1 Rxu uhvxowv iru wkh hxur0ghqrplqdwhg erqgv vkrz
wkdw oltxlglw| sod|v dq lpsruwdqw uroh lq wkh sulflqj ri wkhvh erqgv1 Wkh qxoo k|srwkhvlv
ri qr oltxlglw| suhplxp lv dozd|v uhmhfwhg1 Wkh vl}h ri wkh |lhog glhuhqfh ehwzhhq oltxlg
dqg looltxlg hxur0ghqrplqdwhg erqg sruwirolr ghshqgv rq wkh xvhg oltxlglw| lqglfdwru1
Zh rewdlq d vpdoo oltxlglw| suhplxp iru wkh lqglfdwru lvvxhg dprxqw ri 3=5 esv/ zkloh
59wkh lqglfdwruv djh dqg qxpehu ri txrwhv uhvxow lq d odujhu glhuhqfh ri 47 dqg 5: esv
uhvshfwlyho|1 Wkh odujhvw lpsdfw lv irxqg iru wkh lqglfdwru txrwh glvshuvlrq zlwk 7: esv1
5:Uhihuhqfhv
Dplkxg/ \1 dqg Phqghovrq/ K1 +4<;9,/ cDvvhw sulflqj dqg wkh elg0dvn vsuhdg*/ Mrxuqdo ri
Ilqdqfldo Hfrqrplfv 4:/ 55657<1
Euhqqdq/ P1 M1/ Fkrugld/ W1 dqg Vxeudkpdq|dp/ D1 +4<<;,/ cDowhuqdwlyh idfwru vshfl0
fdwlrqv/ vhfxulw| fkdudfwhulvwlfv/ dqg wkh furvv0vhfwlrq ri h{shfwhg vwrfn uhwxuqv*/
Mrxuqdo ri Ilqdqfldo Hfrqrplfv 7<1
Euhqqdq/ P1 M1 dqg Vxeudkpdq|dp/ D1 +4<<9,/ cPdunhw plfurvwuxfwxuh dqg dvvhw sulflqj=
Rq wkh frpshqvdwlrq iru looltxlglw| lq vwrfn uhwxuqv*/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv
74+6,/ 7747971
Fkrugld/ W1/ Vxeudkpdq|dp/ D1 dqg Dqvkxpdq/ Y1 U1 +5334,/ cWudglqj dfwlylw| dqg
h{shfwhg vwrfn uhwxuqv*/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv 8</ 6651
Fudeeh/ O1 H1 dqg Wxuqhu/ F1 P1 +4<<8,/ cGrhv wkh oltxlglw| ri d ghew lvvxh lqfuhdvh zlwk
lwv vl}hB Hylghqfh iurp wkh frusrudwh erqg dqg phglxp0whup qrwh pdunhwv*/ Mrxuqdo
ri Ilqdqfh 83+8,/ 4:4<4:671
I d p d /H 1I 1d q gI u h q f k /N 1U 1+ 4 < < 6 , /c F r p p r qu l v ni d f w r u vl qw k hu h w x u q vr qv w r f n vd q g
erqgv*/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv 66+4,/ 6891
Jhku/ D1 N1 dqg Pduwhoo/ W1 I1 +4<<5,/ cSulflqj h!flhqf| lq wkh vhfrqgdu| pdunhw iru
lqyhvwphqw0judgh frusrudwh erqgv*/ Mrxuqdo ri Il{hg Lqfrph ss1 576;1
Jorvwhq/ O1 dqg Kduulv/ O1 +4<;;,/ cHvwlpdwlqj wkh frpsrqhqwv ri wkh elg0dvn vsuhdg*/
Mrxuqdo ri Ilqdqfldo Hfrqrplfv 54/ 4564751
5;Jroxe/ E1 dqg Wlopdq/ O1 +5333,/ cQr urrp iru qrvwdojld lq {hg lqfrph*/ Ulvn +Mxo|,/ 77
7;1
Kdxjhq/ U1 D1 dqg Ednhu/ Q1 O1 +4<<9,/ cFrpprqdolw| lq wkh ghwhuplqdqwv ri h{shfwhg
vwrfn uhwxuqv*/ Mrxuqdo ri Ilqdqfldo Hfrqrplfv 74/ 73476<1
Krxzholqj/ S1 dqg Yruvw/ D1 F1 I1 +5334,/ Dq hpslulfdo frpsdulvrq ri ghidxow vzds sulflqj
prghov/ Zrunlqj sdshu/ Hudvpxv Xqlyhuvlw| Urwwhugdp1
Nrfl f/ D1/ Txlqwrv/ F1 dqg \duhg/ I1 +5333,/ Lghqwli|lqj wkh ehqfkpdun vhfxulw| lq d pxo0
wlidfwru vsuhdg hqylurqphqw/ Il{hg Lqfrph Ghulydwlyhv Uhvhdufk/ Ohkpdq Eurwkhuv/
Qhz \run1
Ohkpdq Eurwkhuv +4<<<,/ Lqwurgxfwlrq wr wkh Sdq0Hxurshdq Djjuhjdwh Lqgh{/ Uhvhdufk
grfxphqw/ Il{hg Lqfrph Uhvhdufk1
Or/ D1 Z1 dqg PdfNlqod|/ D1 F1 +4<<3,/ cGdwd0vqrrslqj eldvhv lq whvwv ri qdqfldo dvvhw
sulflqj prghov*/ Uhylhz ri Ilqdqfldo Vwxglhv 6+6,/ 74679:1
Pdgkdydq/ D1 +5333,/ cPdunhw plfurvwuxfwxuh= D vxuyh|*/ Mrxuqdo ri Ilqdqfldo Pdunhwv
6/ 53858;1
PfJlqw|/ O1 +5334,/ cLvvxh vl}h yhuvxv oltxlglw| lq fuhglw*/ M1S1 Prujdq Il{hg Lqfrph Uh0
vhdufk ss1 4;1
Vfkxow}/ S1 +4<<;,/ Frusrudwh erqg wudglqj frvwv dqg sudfwlfhv= D shhn ehklqg wkh fxuwdlq/
Zrunlqj sdshu/ Xqlyhuvlw| ri Qrwuh Gdph1
5<